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A complex combination of requirements has been laid down for polymer binders for composite materials. The binder must possess good workability and be resistant to different service factors, primarily elevated temperature and water.
Epoxy resins, widely used in the production of binders, possess good processing properties combined with high strength, adhesion, and electrical characteristics, but their heat resistance and moisture resistance are low. They can absorb up to 10 wt.% water, which has a considerable adverse effect on the physicochemical, electrical, and mechanical properties of the binder [1] . Water, diffusing into the material, changes its physical state (plasticisation), which leads to a lowering of the glass transition temperature T g . At the same time, with poorer workability, bismaleimide resins are less hydrophilic (equilibrium moisture absorption does not exceed 5 wt.%) and are more heat resistant, which makes it possible to use binders based on these resins in a humid atmosphere and at higher temperatures [2] .
In the present work, using methods of dielectric spectroscopy and electrical conduction, a study was made of the possibility of increasing the heat and moisture resistance of epoxy binder by modifying it with bismaleimide (BMI). BMI was introduced into a system consisting of epoxy oligomers before its curing. During polymerisation, the epoxide and BMI form individual interpenetrating networks without copolymerisation of the components: the epoxy resin is cured with the classical amine curing agent with opening of the epoxy ring, and the BMI is polymerised by a radical mechanism [3] [4] [5] [6] . The epoxy-imide composite produced in this way should combine the positive properties of both epoxy and bismaleimide resins.
EXPERIMENTAL
The investigation was conducted on binder SST based on polyfunctional epoxy resins and its bismaleimidemodifi ed variant STTI-50. Their properties were compared on specimens in the form of discs of 50 mm diameter and ≈1.5 mm thickness in terms of the magnitudes of the relative dielectric permittivity e and the dielectric loss tangent tg d in the frequency range from 300 to 10 6 Hz and the volume resistivity ρ v both at fi xed temperatures and in a heating regime at a constant heating rate of 1K/min from room temperature to 300°C.
Before measuring the moisture resistance, specimens were subjected to conditioning at 100°C for 4 h. The content of sorbed water in specimens during their moisture absorption while held in an exsiccator over distilled water at room temperature was determined from the change in mass of the specimen m compared with its initial mass m 0 .
RESULTS AND DISCUSSION
The main electrical characteristics of the specimens are presented in Table 1 . From Table 1 it follows that, in the initial state, under room temperature conditions, in terms of the level of characteristics, the materials can be classifi ed as insulating materials of fairly high quality, and in the case of CTT the electrical characteristics are slightly better. After conditioning, all characteristics are improved appreciably by the removal of volatile components and free (not bound by hydrogen bonds) water. The advantage with STTI-50 is retained, and at temperatures higher than 100ºC it increases. This is largely due to the presence in STTI-50 of a more heatresistant and less polar polyimide component.
The presence in the structure of the BMI of large imide rings should also lead to an increase in the glass transition temperature of the composite. The temperature dependences of ρ v (Figure 1 ) can serve as confi rmation of this. As can be seen from Figure 1 , on the dependences for STT there is a single break in the region of 210°C, and on those for STTI-50 there are two breaks at 200 and 230°C. The activation energy of the process of electrical conduction, calculated from the slope of the curves at temperatures below the temperatures of the breaks, amounts to 80 kcal/mol for STT and to 40 and 90 kcal/mol for STTI-50. Such high values of the activation energy make it possible to link the observed breaks to unfreezing of segmental mobility in the materials. It is most probable that the break in STT and the fi rst break in STTI-50 are caused by unfreezing of segmental mobility in the epoxy component, and that the second break, characteristic only of STTI-50, is caused by the corresponding process in the more rigid polyimide. The existence in the epoxy-imide material of several types of segment indicates the presence of interpenetrating networks. The presence of the BMI network, the T g of which is considerably higher than that of the epoxy network, promotes an increase in the heat resistance and thermal stability of the binder.
Further confi rmation of the increase in T g of the composite with the introduction of BMI is provided by the nature of change in tg δ as a function of temperature (Figure 2) . Whereas in the epoxy binder the maximum tg δ, connected with transition of the material from the glassy to the rubbery (high-elastic) state, is observed at a temperature of only about 210°C, in the epoxy-imide binder the increase in tg δ only begins after 210°C. As can be seen, complete unfreezing of segmental mobility, determining the heat resistance and thermal stability, is shifted towards higher temperatures in STTI-50.
The higher structural heterogeneity of STTI-50 may lead to a certain increase in its porosity by comparison with the more homogeneous structure of SST, which should have an effect on moisture permeability. In fact, as follows from Figure 3 , in the fi rst 30 days the rate of water vapour sorption is appreciably higher for STTI-50. Here, its electrical characteristics are no worse. Subsequently, the rate of water vapour sorption in the case of epoxy-imide binder decreases, and, after only 100 days, increase in moisture absorption and change in electrical characteristics practically cease and approach saturation, while in the case of the epoxy binder the rate of water vapour sorption continues to grow, and the electrical characteristics deteriorate (see Table 1 ).
It is obvious that the mechanism of water sorption in materials changes with time. On sorption curves plotted in logarithmic coordinates (Figure 4) , for each binder two sections of the curves are observed, approaching a linear dependence in shape but with different slopes.
According to reference [1] , the initial sections of these curves, up to 40% equilibrium moisture content in the epoxy-imide binder and ≈20% in the epoxy binder, with a slope of 1/2, are interpreted as simple sorption obeying Fick's laws. The increase in slope of the second sections to over 1/2 is a sign that the process of Fick's sorption has superimposed upon it a relaxation mechanism of sorption, where water molecules interact with polar groups of the polymer matrix. The contribution of the latter to overall sorption is more signifi cant for the epoxy binder.
In light of the above, the higher moisture absorption rate in the epoxy-imide composite at the initial stage of sorption can be explained by its above-mentioned heterogeneity and, accordingly, denser molecular packing, which is governed by features of the formation of the three-dimensional structure of the binder in the presence and with the participation of rigid molecular chains of the BMI. This favours the formation of structural defects promoting the localisation in them of free water. Then, as the cavities fi ll and water penetrates into the volume of the material, the water molecules interact with polar groups of the polymers. In STTI-50, this process ends at a lower moisture content owing to the presence in the given material of a smaller number of polar groups per unit volume. As a result, the equilibrium moisture content in the epoxy-imide binder is ≈4 wt.%, while in the epoxy binder it is over 6 wt.%. This is important for maintaining an acceptable level of electrical characteristics during service of the material under conditions of increased humidity.
A comparative assessment of the concentration of polar groups per unit volume of the binders and the degree of their mobility can be carried out from the frequency dependences of tg δ presented in Figure 5 . Both for the epoxy and for the epoxy-imide binder, at room temperature, i.e. in the glassy state, a region of maximum tg δ is observed, connected with local motion of polar groups capable of forming hydrogen bonds with water molecules. In polyimides these are carbonyl and amino groups [7] , and in epoxy polymers they are hydroxyl and amino groups formed during crosslinking [1] .
From a comparison of relaxation spectra taken on binder specimens dried at 100°C (Figure 5) , i.e. when practically all the free water is removed and only combined water remains, the most probable relaxation time of the polar groups, determined from the position of tg δ max on the frequency dependence, and the quantity tg δ max itself indicate a higher intramolecular mobility in the epoxy-imide binder and a lower concentration of polar groups per unit volume. This leads to the formation of a denser physical network of hydrogen bonds, having a lesser retarding effect on the mobility of the polar groups. The epoxy-imide binder is also characterised by less dependence of the electrical characteristics on moisture content. As follows from Table 1 and the graph in Figure 6 , the rate of fall in the electrical characteristics in the epoxy-imide binder after 3 wt.% moisture absorption decreases appreciably. For example, the rate of fall is roughly halved, whereas for the epoxy binder it increases.
The obtained results indicate the expediency of modifying the epoxy binder with a bismaleimide component for the production of heat-resistant composite materials, including composites of electrical engineering designation. The introduction of BMI makes it possible to increase the moisture resistance and the glass transition temperature and to improve the electrical properties of the material. From the viewpoint of ecology, the possibility of implementing solutionless technology for the production of composite materials is essential. 
